ABSTRACT: The application of quantitative methods to digital soil and geomorphological mapping is becoming an increasing trend. One of these methods, Geomorphons, was developed to identify the ten most common landforms based on digital elevation models. This study aimed to make a quantitative assessment of the relationships between Geomorphons units, determined at three spatial resolutions and nine radii, and soil types and properties of two watersheds with different soil-landscape relationships in Brazil to help soil surveying and mapping under tropical conditions. The study was conducted at Lavrinha Creek (LCW) and Marcela Creek (MCW) watersheds, located in the state of Minas Gerais, Brazil. Spatial resolutions of 10, 20 and 30 m were the basis for generating Geomorphons at 9 radii of calculation for the watersheds. They were overlapped to detailed soil maps of the watersheds and a chi-square test was carried out to assess their relationship with soil types. Observation points were compared with the most highly correlated Geomorphons to also assess relationships with soil properties. Geomorphons with resolution of 30-m and radii of 20 and 50 cells, respectively for LCW and MCW, were more highly correlated with the variability of soil types, in accordance with the terrain features of these watersheds. The majority of observation points for each soil type was located in the same Geomorphon unit that was dominant when analyzing soil maps. There was less variability in soil properties between Geomorphon units, which was probably due to the highly weathered-leached stage of soils. Geomorphons can help to improve soil maps in tropical conditions when assessing soil variability due to its high correlation with tropical soil types variability.
Introduction
In soil surveys, the understanding of existing relationships between soil types and/or properties and landscape features are fundamental to defining the most representative places for soil morphological description and sampling. This understanding is also needed for digital soil and geomorphological mapping (Bishop et al., 2012) . However, due to variations in these relationships from region to region, adjustments to the general geomorphology models are required for fitting soil variability into an area of interest (Birkeland, 1999) .
The advent of digital soil mapping tools has promoted a rise in global interest in more detailed soil maps (Vaysse and Lagacherie, 2015) and a transition from qualitative to more quantitative soil mapping methods (McBratney et al., 2003) . This has been proposed as an approach to exposing the soil scientist's mental (qualitative) model (Bui, 2004) of soil distribution in the landscape through the mapping process. Applying it to more quantitative methods, this knowledge can be made explicit on maps, resulting in improvements in existing maps, and these relationships can be understood by other soil scientists.
The majority of these recently created mapping tools were developed in countries whose soils are quite different from tropical soils (Schaetzl and Anderson, 2005) for which these tools have to be evaluated and adjusted for improved modeling soil variability. One of these tools is the Geomorphons, created by Jasiewicz and Stepinski (2013) . It consists of a quantitative method for stratifying the landscape in its ten most common landforms. Thus, since relief influences soil properties (Jenny, 1941) , its analysis through Geomorphons, after a regional evaluation, could lead to improvements in soil survey and mapping, mainly for countries such as Brazil, where there is a lack of both soil data and financial support for performing detailed soil surveys (Mendonça-Santos and Santos, 2007) .
This study was carried out in response to the need for more detailed soil maps in Brazil and other developing countries. It aimed to quantitatively assess the relationships between Geomorphon units, calculated at three spatial resolutions and nine radii, and soil types and properties of two watersheds with different soillandscape relationships in Brazil to help soil surveying and mapping under tropical conditions.
Materials and Methods
This study was conducted at Lavrinha Creek (LCW) and Marcela Creek (MCW) Watersheds. Table 1 and Figure 1 contain their characterization and location, respectively. The two watersheds are components of the Grande River Basin, important for supplying water to the Grande River, which, in turn, contains a number of hydroelectric power plants and, thereby, generates electric energy for great part of southeastern Brazil (Beskow , 2009 ). This country has faced a scarcity of water in many states over the last two years, which has drawn attention to watersheds due to their environmental importance in water recharge, which is highly influenced by land use and management practices.
LCW is representative of the Mantiqueira Range region, being a headwater watershed, with Dystrudepts (DT) (soils classified according to Soil Taxonomy (Staff, 1999) ) developed from gneiss in the sloping area and Udifluvents (UT) and Endoaquents (ET) in the lowest places in the landscape (Menezes et al., 2014) . MCW is included in the physiographical region of Vertentes Fields, with gentler slopes compared with LCW. MCW soils were developed from mica schists, where Hapludox (HX) and Acrudox (AX) are found in higher places, DT on steep portions of the landscape, and ET in lower areas of the watershed (Motta et al., 2001) . The soil maps of those watersheds at a detailed scale (LCW: 1:20,000; MCW: 1:12,500) were used as bases for comparing different Geomorphons.
For the creation of Geomorphons (Jasiewicz and Stepinski, 2013) , Digital Elevation Models (DEMs) with resolutions of 10, 20 and 30 m were created from contour lines at a 1:50,000 scale (IBGE) using Topo to Raster tool in ArcMAP 10.1 (ESRI). From these DEMs, the Geomorphons were generated on the following website <http://sil.uc.edu/geom/app> at nine radii (5, 7, 10, 15, 20, 25, 30, 40, and 50 cells) , which correspond to the number of cells (pixels) in the radius of the circumference around a cell of interest used for determining the Geomorphon unit (GU) of that cell of interest. Geomorphons identifies the ten most common landform units within the landscape, namely, Flat, Peak, Ridge, Shoulder, Spur, Slope, Footslope, Hollow, Valley and Pit. The Mello et al. (2015) .
Figure 1 − Location and soil maps of the two studied watersheds. Adapted from Menezes et al. (2014) and Motta et al. (2001) .
three pixel sizes, the nine radii, and the two watersheds made up a total of 54 Geomorphons maps created for the purpose of analysis. The soil maps of the two watersheds and the 54 Geomorphons maps were overlapped and the combination of each GU, from the ten most common ones, with the soil polygon on the soil maps had its area calculated. Then, a chi-square test at 5 % probability was conducted (formula presented below) to assess whether there was a relationship between the GUs and the soil types under these different conditions.
X o e 2 2 = − ∑ ( ) e in which o is the observed area of each combination between soil types and GUs, and e is the expected area of each combination. The higher the calculated value (X 2 ) above the critical value (X 2 critical) as determined by a chi-square table, the closer the relationship between soil types and GUs. LCW and MCW, respectively, have three and four soil types that were combined with the 10 possible GUs. Thus, the degree of freedom (DF) for them were, respectively, 29 and 39 (DF = [number of soil types × number of GUs] -1). Next, analyses of the relationships between the best Geomorphons and the soil types were performed for each watershed in order to clarify the quantitative soil-landscape relationships.
Furthermore, observation points, where morphological soil description and classification were performed, were inserted on the Geomorphons maps that presented the strongest relationships with the soil types in order to evaluate whether the soils found at these points agreed with the results derived from the analyses of soil maps against GUs, since soil polygon maps allow for a degree of uncertainty of soil classes within each polygon (Soil Survey Manual, 1993) . Thirty-seven points were analyzed in LCW and twenty-nine in MCW.
To test whether soil properties also vary according to GUs, an independent data set containing particle size distribution analyses at 0-20 cm depth for the two watersheds, containing 197 points at LCW and 165 at MCW, was inserted in sequence in the most highly correlated Geomorphons maps. Next, a Scott-Knott test at 5 % probability was conducted using SISVAR 5.3 software to assess the statistical differences in sand, silt, and clay content between the GUs. Table 2 and Figure 2 show the chi-square calculated for each pixel size and Geomorphons radius for each watershed.
Results and Discussion
It was observed that the pixel size alone had great influence on chi-square values and, consequently, the correspondence between soil types and GUs. As an example, in Table 2 , the chi-square in MCW with a radius of five and pixel size of 10 m did not present a relationship with the soil types as it was lower than critical X 2 , but the pixels measuring 20 and 30 m did (Figure 3 ). This has also been reported by Hengl (2006) , who noticed that optimal pixel size may differ according to different target variables. Thus, the one that provides the highest correlation with the predicted variable should be chosen (Florinsky and Kuryakova, 2000) . For both watersheds, spatial resolution of 30 m had a better relationship with the soil types than the other pixel sizes. As observed by Roecker and Thompson (2010) , the more detailed resolutions presented less correspondence to soil types than the coarse resolution, in this case, 30 m. At LCW, where the slope is more variable, it was expected that more detailed resolutions would better represent the landscape (Hengl, 2006) , since these conditions should be expressed by more pixels per unit of area, but the findings of this study show the opposite.
In turn, the Geomorphons radii were also responsible for changes in degrees of relationship between soil types and GUs ( Table 2 ). As presented in Figure 4 , as the radius increases, the polygons of certain GUs become larger. For LCW, for example, at radii of five, 20 and 50 cells at pixel size of 20 m, all of them presented correspondence with soil types for having an X 2 greater than critical X 2 , although they look different from one another (Figure 4 ). In general, at the longest radius, the GUs correspondent to both low and concave places (Footslope, Valley, Pit, and Hollow), ridges (Shoulder, Ridge and Peak) and convex backslopes (Spur) had larger areas than in the other radii. On the other hand, GUs correspondent to flat places (Flat) and linear backslope (Slope) decreased as the radius increased. Furthermore, it is important to highlight the adequate definition of the watershed limits by Peak and Ridge GUs.
According to the chi-square test at 5 % probability (Table 2) , at both LCW and MCW, for all combinations of pixel sizes with Geomorphons radii, except for the radius of five and pixel of 10 m at MCW (one combination out of 54 possible combinations), there was a significant relationship between these parameters and soil types. The higher the X 2 value when it is greater than critical X 2 , the stronger the relationship with soil types. It indicates that the GUs identified by this tool are correlated with the distribution of soil patterns in different landscapes, even though the Geomorphons at varying radii for calculation and pixel sizes present visual changes (Figures 3 and 4) To define the most appropriate Geomorphons for each watershed, the highest X 2 value was taken as being the most representative of the GUs and soil types. As previously mentioned, the best of them had a spatial resolution of 30 m in the two watersheds; however, the radius varied. For LCW, a radius of 20 cells was the most representative, while for MCW the best one was calculated with 50 cells. Geomorphons with a radius of 50 cells increased the lowland landforms area (Figure 4) , which is common in gentler relief landscapes. At LCW, as the topography is steeper and relief is more variable, lowland places are reduced in area, and are better represented by a radius of 20 cells. Figure 5 shows the best Geomorphons correlated with soil types for the two watersheds.
As the best Geomorphons for each watershed were known, the area of the soil types within the GUs was calculated in order to relate occurrence of soils with the GUs (Figure 6) . A pattern was observed of soil distribution in the watersheds with the GUs. At LCW, where DT predominates (92 % of the area), this soil class mostly occupies Slope, Hollow and Spur GUs. This watershed presents very steep slope gradients in the area, which tend to promote higher erosion rates and contribute to the weak development of its soils (Aquino et al., 2013) . The ET and UT are predominantly located in Pit and Valley GUs, which are typical of lower elevation areas. Pit is a low and concave place in the landscape where, as had been correctly anticipated, ET is commonly encountered, while UT predominates in the Valley GU, which, in turn, is not as low in elevation as Pit, though also being close to the water course, which explains its better drainage when compared with ET (Buol et al., 2011) .
At MCW, the DT is close to the water bodies, lying directly above them, the reason why the dominant GU for this soil type was Valley, followed by Slope, which is a more linear GU, and probably causes additional erosion and, thus, retards soil development.
Both AX and HX of this watershed are found in higher and gentler slope areas (Motta et al., 2002) . This reflects their predominance in Ridge GU, typical of the highest landscape areas, but not as sharp as Peak, where they also occur. The other GUs in which these soil types occur are the same for both soils. This is explained by the fact that in this watershed, both AX and HX tend to be found in similar landforms. The main factor that drives their differentiation is the orientation of the parent material layers (Chagas et al., 1997) : when horizontal-oriented, water is retained in the system longer than when vertical-oriented, which leads to different levels of hematite/goethite in these soils, and explains their contrasting colors.
ET at MCW, different from that found in LCW, occupies a larger area in Valley GU than in Pit, followed by Hollow, though they are all typical of low and concave or flat places in the landscape, where water accumulates and contributes to the development of hydromorphic features in soils. As observed in Figures 5 and 6 , more than one GU was found within the same soil type, which means that factors other than those taken into account by Geomorphon drive soil differentiation. Similar results were found by Cavazzi et al. (2013) , who studied a number of specific places where parent material was more important than terrain when explaining soil variability, which results in misclassification in the maps. However, a relationship was found between the soil types of the two watersheds with the GUs where they occur in predominance. This is an adequate indicator that Geomorphons is able to stratify the landscape in geomorphological units which have correlation with soil types. Possibly, for the tropical conditions evaluated, a number of the GUs could be merged in order to facilitate the understanding of soil distribution along the area of interest, as suggested by Ashtekar et al. (2014) in Colombia as a first attempt to model soil properties from Llanos Orientales. For example, ET was predominantly observed in Valley in MCW and in Pit in LCW. Thus, although Valley and Pit are different GUs, they were both successful in separating hydromorphic soils, as expected. This could suggest that certain soil types may occur in different geomorphologies defined by Geomorphons.
Another possible explanation for more than one soil type occurring within a GU is related to polygon soil maps. It is known that these soil maps, even on a detailed scale, are allowed to contain small areas of other soil types within a mapping unit (inclusions) (Staff, 1993) . This could have led to the occurrence of certain soil types in unexpected GUs, although they were always representing small areas, such as ET and UT in Spur and Slope at both MCW and LCW (Figure 6 ).
In order to clarify this hypothesis, observation points where soil morphological description and classification had been performed were inserted in the Geomorphons maps of highest correspondence with the soil types for the two watersheds and compared with the GUs where they were inserted (Table 3) .
When analyzing Table 3 , for LCW, it is evident that the majority of the DT is found in Slope GU, in agreement with previous results. Furthermore, the unique point in an ET area was also in the same GU that the dominant one found by the calculations of areas on the polygon map (Pit). UT, in turn, has points occurring in Pit and Valley, which are characteristic of the landforms where this soil type is commonly found.
For MCW, most of the DT was found in Slope GU, in agreement with its incipient development, as it is associated with more erosive places, while found in abundance in Valley in terms of area. However, ET, AX, and HX were found in the same previously observed GUs, Pit, Ridge, and Slope, respectively.
From this analysis, it was noticed that most soil types in the two watersheds (8 out of 11) were found in the same GU that predominated when analyzing the area of occurrence per soil type on the maps. It confirms that Geomorphons are capable of stratifying the landscape in terms of soil type variability in these tropical conditions.
On the other hand, the only condition that disagreed (DT in MCW) indicates that this soil type may occur in different GUs. DT is a soil type that can be encountered in different landscapes (Schaetzl and Anderson, 2005) , due to its classification by absence of defined characteristics, which means this soil class is highly variable in terms of properties, such as solum thickness, particle size distribution, color, drainage, slope gradient, and so forth.
To test soil property variability between the GUs, sand, silt, and clay contents at 0-20 cm depth were statistically evaluated (Table 4) . Particle size distribution was selected for this test because, over time, it is considered a less variable soil property as it is little affected by land use and management practices, in contrast with soil organic carbon, for example.
It is noticed that in LCW there was a statistical difference between sand and clay contents in Valley and Pit GUs found in low and concave places, as compared to the other GUs relative to higher places in the landscape. Silt content did not differ between GUs, as they are generally low in these weathered soils. 
Total 37 On the other hand, for MCW, only the sand content in Peak and Ridge GUs, the highest places in the landscape, differed from the others, probably due to partial clay removal by water. Also, clay content was very homogeneous in all parts of the watershed. These results may be an indicator of more weathered-leached soils in MCW than in LCW, which tends to diminish the soil property differences even in different landforms under tropical conditions, along with different parent materials. The more developed the soils, the lower the variability of their properties (steady-state condition) (Birkeland, 1999) . It seems soil particle size distribution in the two watersheds in tropical conditions has relatively low variability, and does not follow the difference in GUs and is contrary to the expected for temperate regions. Bishop et al. (2012) raised the importance of the scientific validity of the results and the formal use of geomorphological information generated nowadays, especially in integrative sciences, such as Soil Science. Reliance has been placed on pattern recognition for segmentation and mapping, but whether or not such patterns represent phenomena, such as soil classes or properties, should be tested. In this sense, Qin et al. (2009) used a field study to relate slope position to A-horizon sand percentages through fuzzy logics. Likewise, in the current study, field work (soil survey and soil property sampling) with a GISbased spatial statistic helped to understand the Geomphorphons and its role in generating new capabilities in soil mapping under tropical conditions.
It is known that regional adaptations must be incorporated in developed models to make them representative of soil variability in an area of interest. In this sense, Geomorphons can help to stratify the landscape into units that may have more homogeneity in terms of soil properties within themselves in an easy way, especially in a first approach to allow not only for a better understanding of soil occurrence in the landscape, but also for further refinement of soil maps. Further work should focus on adapting this tool to other Brazilian soil conditions in order to increase the details of this country's soil maps with reduced costs, since financial support for detailed soil mapping in Brazil is currently very scarce.
Conclusions
Geomorphons units have a strong relationship with soil types regardless pixel size and radius for Geomorphons calculation in both watersheds.
When soil classification at observation points was compared with Geomorphons units, a high degree of correspondence was found with the results that took into account the soil type in soil maps with the dominant area per Geomorphons unit.
Particle size distribution does not vary according to Geomorphons units under the studied tropical conditions, due to the homogeneity found in these weatheredleached soils. Table 4 − Sand, silt, and clay content for the two studied watersheds.
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